Previous studies showed that, as ferroelectric films become thinner, their Curie temperature (Tc) and polarization below Tc both typically decrease. In contrast, a recent experiment [Chang et al., Science 353, 274 (2016)] observed that atomic-thick SnTe films have a higher Tc than their bulk counterpart, which was attributed to extrinsic effects. Here, we find, using first-principles calculations, that the 0K energy barrier for the polarization switching (which is a quantity directly related to Tc) is higher in most investigated defect-free SnTe ultrathin films than that in bulk SnTe, and that the 5-unit-cell (UC) SnTe thin film has the largest energy barrier as a result of an interplay between hybridization interactions and Pauli repulsions. Further simulations, employing a presently developed effective Hamiltonian, confirm that free-standing defect-free SnTe thin films have a higher Tc than bulk SnTe, except for the 1-UC case.
Ferroelectric (FE) materials in which a spontaneous polarization can be switchable by an electric field have wide applications such as high-density nonvolatile memories [1] [2] [3] . The continuous demand for device miniaturization has resulted in the increased demand of nanometric FE thin films [2, 4, 5] . Nanoscale ferroelectrics are also fascinating from a fundamental point of view, since their properties can be dramatically different from that in of bulk ferroelectrics [6, 7] .
A suppression of the out-of-plane polarization is known to occur in thin films under open-circuit-like electrical boundary condition, because of depolarization field effects [8] . Regarding the in-plane component of the polarization, finite-size scaling theory predicts that FE Curie temperature (Tc) shifts to lower temperatures as compared to the bulk value, as FE films become thinner [9, 10] . Such features are consistent with measurements and computations demonstrating that, typically, the FE Tc becomes lower, and, as a result, the electrical polarization becomes smaller for any temperature below Tc, as the thickness of FE thin films is reduced [8, [11] [12] [13] [14] [15] . It is therefore rather surprising that Chang et al. recently observed that the Tc of atomic-thick SnTe is higher than that of SnTe bulk [16] . In order to reconcile such observation with the aforementioned features, this unusual phenomenon was mainly explained in terms of an extrinsic effect, namely that there are less Sn vacancies and lower free carrier density in SnTe thin films. It is, however, interesting to investigate how Tc intrinsically changes with the thickness in perfectly defect-free SnTe thin films. In particular, is this currently unknown dependency in line with the common belief that Tc should decrease as the films become thinner, or are there any new effects awaiting to be revealed in SnTe thin films leading to an intrinsic enhancement of their ferroelectricity when their thickness is reduced?
In this Letter, we carry out first-principles calculations to determine such intrinsic dependency. We find that the 0K energy barrier for the polarization switching in SnTe thin films is higher than that in bulk SnTe when the thickness is larger than 2-unit cell (UC), and that the 5-UC SnTe thin films has the largest energy barrier. Such results strongly suggest that Tc of SnTe thin films is not only larger than that of bulk SnTe but also reaches its maximum for the 5-UC thickness. These unusual phenomena are found to originate from the subtle interplay between hybridization interactions (HIs), which are essential for stabilizing ferroelectricity, and Pauli repulsions (PRs) , that tend to suppress ferroelectricity. More precisely, (i) the increase of energy barrier when decreasing the thickness from 13-UC to 5-UC, is due to the fact that the surface Sn atoms have weaker PRs and thus a smaller force constant than the inner Sn atoms; and (ii) the decrease of energy barrier from 5-UC to 1-UC arises from the concomitant decrease of HIs. We also developed an effective Hamiltonian for free-standing defect-free SnTe thin films under open-circuit electrical boundary conditions, which does confirm that SnTe films intrinsically have a higher Tc than bulk SnTe, except for the 1-UC case. Our work therefore suggests that, unlike commonly believed, it is possible to intrinsically enhance ferroelectricity by reducing the thickness of ultrathin films.
Let us first recall that bulk SnTe is a narrow-gap (∼0.2 eV) semiconductor that possesses the rock-salt structure [17] . At the FE Tc (98 K in a sample with low carrier density [18] ), bulk SnTe goes through a cubic paraelectric (PE) to rhombohedral FE phase transition, and the two sublattices of Sn and Te atoms are displaced from each other along the [111] direction --giving rise to a spontaneous polarization along that direction [19] . On the other hand, in SnTe ultrathin films being under open-circuit electrical boundary conditions, the polarization is along the in-plane [110] direction because the depolarization field annihilates the out-of-plane polarization [16, [20] [21] [22] .
Here, we perform density function theory (DFT) calculations [see Section 1 of Supplemental Material (SM) for computational details] to relax the structures of the FE phase. Regarding the centrosymmetric PE phase of thin films, we optimize the slab cut from the cubic bulk SnTe but keeping the same symmetry. The PE and FE structures of 1-UC and 2-UC SnTe thin films are shown in Fig. 1 To study the stability of ferroelectricity in SnTe thin films, we calculate the energy difference between the PE and FE phases (i.e., the energy barrier between two FE states with opposite polarizations) of SnTe thin films as a function of thickness (see the red line in Fig. 2 ). One can see that this barrier first increases with the thickness from 1-UC to 5-UC, and decreases as the thickness increases for films thicker than 5-UC. Strikingly, the energy barriers of SnTe thin films from 2-UC to 13-UC are higher than that of bulk SnTe, which strongly suggests that defect-free SnTe thin films have a higher Curie temperature than bulk SnTe with no defects (as we will confirm later) --in contrast to the previous belief that ferroelectricity in thin films is reduced with respect to the bulk case.
To check the effect of strain on the dependence of energy barrier on the film thickness, we also computed the energy barriers in the case where the in-plane lattice constants of the PE and FE phases are fixed to those of bulk SnTe (a = 4.5254 Å). The energy barrier also has a maximum for 5-UC [see Fig. 2 E is the total energy of the PE phase). The chosen displacement x is so small (e.g., ~0.01 Å) that fourth and higher order terms can be neglected here. The layer force constants for 1-UC, 2-UC, 5-UC and 10-UC SnTe thin films are plotted in Fig. 3 .
The Sn 2+ ions of the surface layer have a smaller force constant than the Sn 2+ ions of the inner layers for multilayer thin films. Moreover, the layer force constant of the surface layer basically increases as the films become thinner, as shown in the inset of 1(e)] since a smaller force constant indicates a stronger FE instability [25] . The dependence of the layer force constants can also explain the dependence of the energy barrier on the film thickness. In fact, why the energy barrier does not always increase with thickness can be understood as follows: since the Sn 2+ ions of the surface layer have a smaller force constant than the Sn 2+ ions of the inner layer, thinner films tend to display stronger ferroelectricity (higher energy barrier) as they have a larger surface-to-volume ratio. Furthermore, the reason why 5-UC SnTe thin film has the highest energy barrier is that the layer force constants in the thinnest films (i.e., 1-UC and 2-UC) are in average much larger than those in films thicker than 3-UC, as shown in Fig. 3 .
Now we attempt to understand the microscopic mechanisms for the unusual behavior of the layer force constants. It is well-known that ferroelectricity in bulk SnTe is mainly caused by the hybridization between the empty 5p orbitals of the lone-pair Sn 2+ ion and the occupied 5p orbitals of the Te 2-ion, i.e., second-order Jahn-Teller effects [26, 27] . To see the effect of orbital hybridization on the layer force constants, we computed these constants by using the band energies from the Tight-Binding (TB) simulations (see Section 1 of SM). As shown in Fig. 4 (a), the layer force constants contributed by the HIs are found to be negative, suggesting that
HIs favor FE displacements, in agreement with a previous study [28] . To resolve this issue, it is important to realize that the off-centric FE displacements arise due to the delicate balance between the HIs (which favors ferroelectricity [28] [29] [30] ) and the Pauli repulsions (PRs) (which tends to keep systems centrosymmetric [31, 32, 33] ). We will thus now see how PR affects the layer force constants. Due to the acoustic sum rule, we can decompose the layer force constant of that tensile strain strengthens in-plane ferroelectricity. Interestingly, the layer force constants of the inner layer is now close to that of the surface layer. This is because the Sn-Te PR is greatly reduced, as the Sn-Te bond length is now larger than the sum of the Sn 2+ and Te 2-ionic radii. Our above argument that there is less PR in a surface layer should be generally applicable to other systems. In fact, this holds even in a non-FE ionic system (see Section 4 of SM for the result on MgO).
For comparison, we also examine ferroelectricity in thin films made of other IV-VI compounds (i.e., GeTe and PbTe). For the GeTe thin films, the energy barrier increases with the film thickness, i.e., there is no maximum in the energy barrier curve (see Section 5 of SM). This can be understood since the HI in GeTe is so strong that the PR contribution to the layer force constant is less important. Tc for 2-UC thin film is 47 K). However, the defect-free 1-UC SnTe film has a lower Tc (namely, 30 K) than defect-free bulk SnTe, in contrast with the experimental result [16] . This suggests that the high-Tc measured for the 1-UC SnTe film [16] is partly due to extrinsic effects (e.g., defects [37, 38] (see Section 10 of SM), van der Waals interactions between the SnTe thin film and the substrate, charge transfer between the SnTe thin film and the substrate, etc.). Although Tc is underestimated in our simulations for bulk SnTe and SnTe thin films, the qualitative trend from the simulations should be correct. In fact, with more accurate (and more demanding) methods that predict a larger energy barrier and thus a higher Tc, the qualitative dependence of the energy barriers on the film thickness remains unchanged (see Section 9 of SM). We also perform additional PTMC simulations on a model
Hamiltonian to prove that the smaller force constant for the surface ion is indeed the key to the non-monotonic behavior of Tc as a function of the thickness (see Section 11 of SM).
In summary, based on first-principles calculations and effective Hamiltonian simulations, we revealed that the FE switching energy barrier and Tc in free-standing defect-free SnTe thin films first increase with thickness when the film thickness is less than 5-UC, and then decreases with thickness for thicker films. These atypical behaviors originate from a subtle interplay between HIs and PRs. Our work is thus promising towards the realization of miniaturized FE devices utilizing ultrathin films.
[24] To compute the layer force constant DFT calculations are performed on the basis of the projector augmented-wave method [1] encoded in the Vienna ab-initio simulation package (VASP) [2, 3] . We explicitly consider 14 and 6 valence electrons for Sn and Te, respectively. To be more specific, we take into account the ten 4d electrons of Sn as valence electrons. This procedure is referred as "Sn_d" hereafter. For comparison, we also adopt other procedures, as we will discuss later. We employ the generalized-gradient approximation (GGA) of Perdew et al. [4] . The plane-wave cutoff energy is set to be 301. [8, 9] with an effective Hamiltonian. Note that the effective Hamiltonian schemes were widely and successfully used to study finite-temperature properties of FE perovskite oxides [10, 11] , but the applications of effective
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Hamiltonians to other structures are rare. Following the seminar work by Zhong et al.
[10], the effective Hamiltonian employed in this work contains five parts: a local-mode self-energy, a long-range dipole-dipole interaction, a short-range interaction between soft modes, an elastic energy, and an interaction between the local modes and local strain. To be more specific,
where u represents the local soft mode (displacements of Sn ions for SnTe systems).
For SnTe thin films, the local soft modes include the in-plane displacements of Sn ions, while, for bulk SnTe, the local soft modes include displacements of Sn ions along all three Cartesian directions. For SnTe thin films, we only consider the three strain components ( 1 2 6 , ,or For the self-energy part, self ({ }) E u , we included all the self-energy terms up to fourth order of u. In our simulations, we do not separate the contribution from the dipole-dipole interaction dpl ({ }) E u and the short-range interaction short ({ }) E u .
Instead, we find it more convenient to adopt a second-order pair interaction All the parameters of the effective Hamiltonian are computed by performing DFT calculations. To be more specific, the parameters of the second-order terms can be obtained from force constants, while the fourth-order parameters in the self-energy part are estimated by fitting the DFT total energies by the self-energy form. Moreover, the elastic-local mode interacting parameters l B  are obtained by considering the dependence of force constants on strain.
The spontaneous polarizations and lattice distortions of SnTe thin films
The spontaneous polarizations of SnTe thin films calculated with the Born effective charges (see Fig. S1 ) as a function film thickness are shown in Fig. S2 . For comparison, we also show the average displacements of Sn 2+ ions. The lattice distortion as a function of film thickness is shown in Fig. S3 . We can see that the spontaneous polarizations, the average displacements of Sn 2+ ions, and the lattice distortions have similar dependence on the film thickness: They first increase, then decreases along with the increase of the film thickness. Because MgO is an ionic crystal [12] , the layer force constant DFT 
Energy barriers of GeTe thin films
The FE Tc for bulk GeTe is about 670 K, which is much higher than that for bulk SnTe [13] . Note that the ionicity of GeTe is weaker than that of SnTe, and the covalency of GeTe is stronger than that of SnTe [14] , suggesting that the HI in GeTe is stronger than that in SnTe.
For the GeTe thin films, the energy barrier increases with the film thickness, i.e., there is no maximum in the energy barrier curve, as shown in Fig. S7 . This can be understood because the HI in GeTe is so strong that the PR contribution to the layer force constant is less important. Figure S6 . Energy barriers of GeTe thin films as a function film thickness.
Energy barriers of PbTe thin films with tensile strain
Bulk PbTe is paraelectric [14] . Note that the ionicity of PbTe is stronger than that of SnTe, and the covalency of PbTe is weaker than that of SnTe [15] , suggesting that the HI in PbTe is weaker than that in SnTe. We find that the strain-free PbTe thin films remain PE, as expected.
For the PbTe thin films with 2% tensile strain, the energy barrier has the same trend as the SnTe thin films, i.e., it has a maximum for the 5-UC thin film (see Fig.   S6 ). This occurs because the PR and HI in the PbTe thin films with a tensile strain have comparable magnitude. This is mainly due to the fact that our DFT calculations underestimate the FE switching energy barriers in SnTe systems. In our DFT calculations for extracting the parameters of the effective Hamiltonian, we adopt the PBE functional and include the 4d electrons of the Sn ions as valence electrons (this computing procedure is referred as "Sn_d"). However, we find that a more accurate hybrid functional (i.e., HSE) and/or the spin-orbit coupling effect will enhance the FE switching energy barriers in SnTe systems. In fact, these more accurate methods predict higher energy barriers for bulk SnTe in most cases (see Fig. S10 ). In particular, the energy barrier in bulk SnTe calculated by the accurate "HSE+SOC+Sn_d" procedure is four times as large as that by the "Sn_d" procedure. Since a larger energy barrier usually suggests a higher FE Tc, we expect that the real Tc will be enhanced by four times if we extract the parameters of the effective Hamiltonian with the "HSE+SOC+Sn_d" procedure.
In the present work, we extracted the parameters of the effective Hamiltonian with the "Sn_d" procedure since the more accurate "HSE+SOC+Sn_d" procedure is much more demanding. However, our test calculations show that the more accurate procedures give similar physical trend. For example, the energy barriers of SnTe thin films computed with the "Sn_d+SOC" procedure first increases with thickness, but then decreases for thicker films (shown in Fig. S11 ). This result is in qualitative agreement with the result from the "Sn_d" procedure (quantitatively, the "Sn_d+SOC"
procedure predicts a larger energy barrier).
Figure S10. Energy barriers of bulk SnTe, as calculated by using different methods. In the "Sn" procedure, the 4d electrons of the Sn atom are treated as core electrons. In contrast, "Sn_d" means that the ten 4d electrons of the Sn atom are taken as valence electrons. "SOC" indicates that spin-orbit coupling is included in the calculation.
"HSE" means that the hybrid HSE06 exchange-correlation functional is adopted. 
Energy barriers of SnTe systems with Sn vacancy
Energy barriers of SnTe systems with 6.25% Sn vacancy are listed in Table I . For comparison, we also report the energy barriers of SnTe systems without vacancy. Our results show that Sn vacancies suppress ferroelectric stability in SnTe systems. Note also that the energy barrier of 1-UC SnTe thin film without vacancies is higher than that of bulk SnTe with vacancies, which is in agreement with an extrinsic explanation proposed in Ref. [16] about the enhancement of the Curie temperature when going from bulk to 1-UC SnTe film. 
